Background: Acute and chronic systemic inflammation are characterized by the systemic production of the proinflammatory cytokine tumor necrosis factor ␣ (TNF-␣) that plays a role in immune to brain communication. Previous preclinical research shows that acute systemic inflammation contributes to an exacerbation of neurodegeneration by activation of primed microglial cells.
Studies in subjects without dementia have suggested that low-grade peripheral systemic inflammation is associated with increased cognitive decline, including reduced hippocampal volume. 1, 2 Some studies, [3] [4] [5] [6] but not all, 7 have also suggested that increased systemic inflammation may be associated with increased risk of developing Alzheimer disease (AD). However, although some pilot studies exist, 8, 9 no prospective longitudinal studies have examined the relationship between acute or chronic inflammation on disease progression in large groups of subjects with established AD. Both acute and chronic systemic inflammation is characterized by the systemic production of C-reactive protein (CRP) from the liver and the proinflammatory cytokine tumor necrosis factor ␣ (TNF-␣) from macrophages. TNF-␣ then plays a role in immune to brain communication by activating the central innate immune response, including microglial cells. 10 In animal models of neurodegeneration, where the microglia are already activated by the presence of chronic neurodegenerative changes, we have shown that experimentally induced acute systemic inflammation results in an exaggerated central innate immune response leading to the release of cytotoxic inflammatory mediators that exacerbate neurodegeneration. 11 These effects, over time, result in accelerated disease progression. 11, 12 There is abundant morphologic evidence for different states of microglial activation in subjects with AD. 13 We therefore hypothesized that acute systemic inflammatory events (SIEs) associated with an increased production of the peripheral proinflammatory cytokine TNF-␣ would be associated with long-term (i.e., delirium-independent) cognitive decline. 14 for probable or possible AD were cognitively tested using the Alzheimer's Disease Assessment Scale (ADAS-COG), in which positive changes imply worsening cognition. 15 Immediately after cognitive assessment at baseline, a blood sample for CRP and the proinflammatory cytokine TNF-␣ was taken. The subjects' main caregiver was then interviewed within 2 days by a separate registered general medical nurse, who was blind to the cognitive assessment of the subject, using a standardized questionnaire to assess the presence of any acute incident SIEs at interview or in the previous 2 months. An SIE was defined as a short-lived (less than 2 months' duration) infection or trauma not directly involving the CNS with a minimum serum CRP level of 1 g/mL after the event. In addition, long-term medical history and medication use over the previous 2 months was also documented. At the end of the interview, the main caregiver was given a onceweekly checklist diary, as an aide memoir, in which to enter the occurrence of any subsequent SIEs based on a systems-based checklist and medication changes before the next interview. The subject and main caregiver were revisited at 2, 4, and 6 months and reassessed in an identical manner but also including an assessment of the presence of delirium in the subject with AD using the Confusion Assessment Method. 16 Standard protocol approvals, registrations, and patient consents. This study received approval from the South and West Hampshire Local Research Ethics Committee (ref 237/03/ w). Written informed consent was obtained from all patients (or guardians of patients) participating in the study.
METHODS

Systemic inflammation assays.
All blood sera were immediately placed on ice and stored within 2 hours at Ϫ80°C. CRP was assayed using ELISA and had a detection limit of 1 g/mL. TNF-␣ was assayed using sandwich immunoassay multiplex cytokine assay (Meso Scale Discovery [MSD]). A protocol provided by MSD for custom assays was used, with no major modifications. The lowest detectable limit was 1.1 pg/mL for TNF-␣.
Statistical analysis. Assessment of normality of continuous
variables was determined by quantile-quantile plots of the residuals. Baseline ADAS-COG, change in ADAS-COG, and change in serum TNF-␣ levels were normally distributed. Serum CRP and TNF-␣ levels were not normally distributed. Serum TNF-␣ levels were simplified by the use of quartile ranges, based on subject numbers found at baseline assessment. Low serum TNF-␣ was defined as the range found in the lowest quartile for TNF-␣ (Ͻ2.4pg/mL); high serum levels were defined as all serum ranges above 2.4pg/mL. Following previous guidelines, 17 low serum CRP was defined as Ͻ1.0 g/mL; moderate/high levels were defined as all serum ranges above 1.0 g/mL. Allowing for a 10% dropout rate, 300 subjects gave 90% power to detect a significant difference (␣ ϭ 0.05) increase of 3.5 points ( 1 ⁄2 SD) on the ADAS-COG in subjects with an SIE (minimum expected from previous data 20%) compared with subjects without an SIE. Data interaction was assessed using a mixture of linear regression analysis and analysis of variance (ANOVA).
RESULTS
Twenty-five subjects were clinically unresponsive at baseline with severe end-stage dementia, i.e., ADAS-COG scores greater than 60 points, and were excluded from further analysis to reduce floor effects.
Baseline data. Of the 275 subjects, 161 (59%) fulfilled NINCDS-ADRDA criteria for probable AD and 114 (41%) fulfilled criteria for possible AD. The mean age of the cohort at baseline was 82.7 (SD 7.4) years. Ninety-nine subjects (36%) were men. One hundred seventeen (43%) of the 275 subjects at baseline were taking a cholinesterase inhibitor (CheI), of whom 97 (83%) had been taking the drug for more than 2 months. Eighty-eight subjects (32%) had a history of hypertension, 45 (16%) had a history of hypercholesterolemia, and 19 (7%) had a history of type 2 diabetes. Eighteen subjects (6.5%) had delirium at baseline. Table 1 shows the type and period prevalence of SIEs at, or retrospectively, in the 2 months preceding, baseline. Thirty-nine subjects (14.2% of all subjects) had a total of 50 SIEs identified at or during the 2 months preceding baseline. Twenty-nine of these 39 subjects had 1 SIE, 9 subjects had 2 SIEs, and 1 subject had 3 SIEs at or preceding baseline assessment. Blood sampling was obtained in 269 of 275 subjects (98%) at baseline. Serum CRP was moderate/high (serum level Ն1 g/ mL) in 192 of all subjects (70%). Serum TNF-␣ was detectable in all subjects (TNF-␣ median 3.3 [interquartile range (IQR) 2.4 -4.2] pg/mL).
Baseline cognitive score and systemic inflammation.
At baseline, subjects had a mean ADAS-COG score of 29.6 (SD 13.0) points.
No relationship was found between the presence of low serum CRP and baseline ADAS-COG score (low CRP 28. Low baseline serum TNF-␣ was associated with younger age, lower ADAS-COG scores, and CheI use, but there was no relationship with sex or SIEs preceding baseline (table 2) .
Linear regression analysis with baseline ADAS-COG score as the dependent variable showed that the relationship between baseline ADAS-COG score and low or high serum baseline TNF-␣ levels remained unchanged (mean difference 4.1 [95% CI 0.5-7.7] pts, t test p ϭ 0.02) after correction for age, CheI use, history of hypertension, type 2 diabetes, hypercholesterolemia, and the presence of delirium at baseline as possible confounders.
Six-month follow-up period. Two hundred twentytwo (81%) of all subjects had complete clinical and systemic inflammatory marker follow-up at 2, 4, and 6 months. Of the 53 subjects who did not complete the study, 15 subjects died before study completion and 38 subjects declined phlebotomy or further cog-nitive assessment at some point during the study. A trend relationship was found between study completion and baseline serum levels of TNF-␣ (completers median level 3. Systemic inflammatory events. One hundred ten (49.5%) of the 222 subjects followed up had a combined total of 150 SIEs (table 1) . Eighty-one subjects (36.5%) had clinical evidence of 1 acute SIE, 22 (9.9%) subjects had evidence of 2 SIEs, and 7 (3.2%) had evidence of 3 or more SIEs in the 6 months after baseline assessment.
Subjects with 1 or more SIEs during the 6-month follow-up period had an increase in TNF-␣ levels compared with subjects with no SIEs over the next 6 months (SIEs absent: TNF-␣ increased by 0.03 [SE 0.07] pg/mL, c.f. SIEs present: TNF-␣ increased by 0.32 [SE 0.07] pg/mL; mean difference 0.29 [95% CI 0.08 -0.50] pg/mL, t test p ϭ 0.005).
Cognitive decline and systemic inflammation.
The mean change in ADAS-COG score over the 6-month follow-up period was 2.6 (SD 7.0) points.
Change in ADAS-COG score over the 6-month follow-up period showed a low correlation with baseline ADAS-COG score (Pearson correlation 0.14, p ϭ 0.03).
There was no difference in change in ADAS-COG score over the 6-month follow-up period in those subjects with low CRP levels at baseline compared with subjects with moderate/high CRP levels at baseline (low CRP Linear regression analysis was performed with change in ADAS-COG as the dependent variable and age, baseline ADAS-COG, the presence or absence of an SIE through the 6-month follow-up pe-riod, presence of low or high TNF-␣ level at baseline, change in TNF-␣, and CheI use as independent variables. This analysis showed a change in the relationship between change in ADAS-COG and baseline ADAS-COG score (adjusted mean difference 0.06 [95% CI Ϫ0.02 to 0.14] pts, p ϭ 0.1) and the presence or absence of SIEs (adjusted mean difference 1.2 [95% CI Ϫ0.7 to 3.2] pts, p ϭ 0.2). However, there was little change in the relationship between change in ADAS-COG and either baseline TNF-␣ level (adjusted mean difference 2.5 [95% CI 0.3-4.7] pts, p ϭ 0.03) or change in serum TNF-␣ (adjusted mean difference 1.8 [95% CI 0.6 -3.0] pts, p ϭ 0.003). Correction for the presence of a history of hypertension, hypercholesterolemia, and type 2 diabetes did not alter these relationships.
Delirium was identified in 25 subjects during the 6-month follow-up period and was more frequent in subjects with increased serum TNF-␣ at baseline ( 2 7.4, p ϭ 0.007) but was not related to the presence of SIEs ( 2 0.7, p ϭ 0.2). Correcting for the presence of delirium altered the relationship between change in ADAS-COG and baseline TNF-␣ level (adjusted mean difference 1.6 [95% CI Ϫ0.6 to 3.7] pts, p ϭ 0.1), but no difference was found between change in ADAS-COG score and change in serum TNF-␣ (adjusted mean difference 1.8 [95% CI 0.6 -2.9] pts, p ϭ 0.002).
Allocating subjects to 1 of 4 groups based on low or high levels of TNF-␣ at baseline and the presence or absence of SIEs in the 6-month follow-up period showed a difference in rates of cognitive decline at 6 months between groups (ANOVA F 3.3, p ϭ 0.02) ( figure 2 ). There was no interaction effect between low or high levels of TNF-␣ at baseline and the presence or absence of SIEs in the 6-month follow-up period (ANOVA F 0.5, p ϭ 0.5).
In total, 27 of the 83 subjects at baseline with low serum CRP levels had low levels throughout the 6-month follow-up period. Examination of those 27 subjects showed no differences in their rate of cognitive decline compared with those with moderate/ high CRP levels (low CRP 1.9 [SE 1.3] pts, c.f. moderate/high CRP 2.6 [SE 0.5] pts; mean difference 0.7 [95% CI Ϫ3.7 to 2.1] pts, p ϭ 0.6).
In total, 34 of the 59 subjects at baseline with low serum TNF-␣ levels had serum TNF-␣ levels that remained at less than 2.4 pg/mL during the 6-month follow-up. Examination of those 34 subjects with low TNF-␣ throughout the course of the study showed them to have a markedly lower rate of cognitive decline compared with those with high TNF-␣ (low TNF-␣ Ϫ0. DISCUSSION Serum TNF-␣ levels found in this study were comparable to those found in other studies of subjects with AD, with the lower quartile being comparable to that found in age-matched control populations. 18, 19 In this prospective study, increased baseline levels of serum TNF-␣ were associated with a 4-fold increase in the rate of cognitive decline over a 6-month follow-up period. At baseline, high levels of serum TNF-␣ were also associated with the degree of baseline cognitive impairment that was independent of age, delirium, and concomitant cholinesterase use, suggesting a relationship between serum TNF-␣ levels and both rates of subsequent cognitive decline and long-term cognitive impairment. It is notable that a number of chronic low-grade inflammatory conditions, including atherosclerosis, 20 periodontitis, 21 diabetes, 22 smoking, 23 and obesity, 24 increase chronic systemic levels of TNF-␣ 25 and are also risk factors for AD. However, whether chronically increased serum TNF-␣ is a risk factor or simply a surrogate marker for disease progression in AD remains unclear. 26, 27 Acute systemic inflammation, in the form of a variety of systemic infections or tissue injury, occurred in around half of these elderly subjects with AD over a 6-month follow-up period. SIEs were associated with a 2-fold increase in the rate of cognitive decline and an increase in serum TNF-␣ levels over the 6-month follow-up period, which seemed to largely explain the association with cognitive decline. Despite the suggestion of a "dose" effect, it is possible that the relationship between cognitive decline and SIEs is explained by the hypothesis that patients with a more rapid rate of cognitive decline are more susceptible to infections or trauma. However, it is notable that at baseline there was no evidence to suggest that subjects with more severe dementia had a greater frequency of SIEs at or preceding baseline. Furthermore, animal studies are strongly supportive of the concept that experimentally induced systemic inflammation that causes increases in systemic proinflammatory cytokines such as TNF-␣ can drive neurodegeneration when the central innate immune cells are already primed by the disease. 11, 12, 28, 29 Thus, a plausible explanation of our observations is that in AD, acute systemic inflammation associated with increased TNF-␣ leads to increased cognitive decline rather than SIEs simply being a surrogate marker of disease progression.
The effect of having both acute and chronic inflammation on cognitive decline was marked. Thus, subjects with high levels of TNF-␣ at baseline and the presence of SIEs over the following 6 months had a 10-fold increased rate of cognitive decline compared with subjects with low levels of TNF-␣ at baseline and no SIEs over the following 6 months. Indeed, subjects who maintained low levels of TNF-␣ showed no cognitive decline at 6 months.
Delirium is associated with both short-and longterm cognitive impairment 30, 31 and was more likely to occur in subjects with increased TNF-␣ at baseline. In this study, SIEs were associated with increased cognitive decline independently of the presence of delirium. While it is possible that some episodes of subsyndromal delirium may have been missed, the lack of association of SIEs with the presence of delirium most likely reflects the mild nature of the majority of the SIEs recorded here. Although examination of different SIEs shows some variability in the effect sizes on cognitive decline, small numbers preclude any meaningful comparisons.
In keeping with other studies, 32 high TNF-␣ levels in this study were associated with increased mortality. This may have led to an underestimate of the cognitive effects of TNF-␣ on cognitive decline.
The role of TNF-␣ within the brain is controversial, with evidence supportive of both deleterious and protective effects. [33] [34] [35] [36] However, if systemic inflammation has different CNS consequences depending on the existing relative activation state of the central innate immune system, dampening down systemic TNF-␣ may prove to be beneficial in AD. 
